Following on recent initiatives in which funders and libraries directly fund open access publishing, this study works out the economics of systematically applying this approach to three biomedical and biology publishing entities by determining the publishing costs for the funders that sponsored the research, while assigning the costs for unsponsored articles to the libraries.
Introduction
Biomedical research stands apart from other research fields for a number of reasons, including the high levels of research funding provided by government agencies and private foundations (to be referred to collectively as "funders") and these organizations' leadership in open access publishing. The funders of biomedical research have led in establishing open access mandates for the work they sponsor to ensure that this research is made publicly available [1] . In addition, the U.S. National Institutes of Health (NIH), the largest of these research funders, supports a publicly accessible index to biomedical research that identifies open access articles, as one of its National Center for Biotechnology Information programs to advance biomedical research [2] . On the journal front, the Howard Hughes Medical Institute (HHMI), Wellcome [3] .
The biomedical field is also notable, in this regard, for how the publishers BioMed Central and PLOS pioneered not long after the turn of the century what has proven to be the most successful economic model to date for open access in biomedical publishing, namely, the "article processing charge" (APC), which authors or their institutions pay on the acceptance of a paper for publication [4] . The APC has encouraged many other publishers in this field to offer open access options and journals, including Springer Nature, Royal Society, and Elsevier, while research funders treat the APC as an allowable expense for researchers. The APC, however, appears subject to the same aggressive pricing strategies that beset journal subscription fees; it remains out of reach for many researchers and scholars working in areas that are not as well funded or working outside of the Global North; it has given rise to so-called predatory journals [5] [6] [7] .
In recent years, two promising variations on the APC open access model have emerged.
The Gates Foundation's Chronos program is set up to pay APCs for Gates-sponsored research in any of 24,000 journals with open access options [8] . SCOAP3 (Sponsoring Consortium for Open Access Publishing in Particle Physics) has assembled 3,000 research libraries that collectively pay the equivalent of an APC for all of the articles published in eleven particle physics journals [9] . The direct involvement of funders and libraries in financing open access publishing suggests a new path for increasing access to research, one that may be scaleable, and on a more equitable basis, a way that APCs are not. To explore its viability, in what follows we demonstrate a variation in which funders and libraries complement each other's contribution to establishing universal open access by having funders pay publishers to publish the research they sponsor, while libraries cover the costs of un-sponsored articles.
Method
We have chosen to apply this model to the publications of three non-profit organizations in scholarly communication: the publishers eLife and PLOS and the journal aggregator BioOne. The NIH's indexing service PubMed was used to identify the research sponsorship of articles that appeared in 2015 in eLife, PLOS, and the 23 of the 190 journals in BioOne journals that it indexes. The "journal article" filter was applied to ensure a count that included articles and not editorials, letters, etc. Custom filters were used to identify articles that listed "NIH grant number," "Howard Hughes grant number," and/or "Wellcome grant number" (as the three substantial biomedical research funders of particular interest to this study). As well, under the "customize" menu for "Article types," we ran both "Research Support: U.S. Gov't" and "Research Support: Non-U.S. Gov't."
With the 167 BioOne journals that had 10 or fewer articles indexed in PubMed, the funders were determined by sampling 350 articles from 20 of the journals. Examples of U.S. (Table 1) . A good number of articles had more than one funder, and the funders will ultimately decide how they wish to assign and divide up publishing costs (based on such factors as amount awarded and number of articles to be credited). Authors would then identify the relevant funders on submitting articles for publication. For the purposes of this study and as an example of how this might be handled, each funder was assigned a share of the publisher's costs (based on the publisher's 2015 revenue) proportionate to the number of articles that credited a funder. The libraries will similarly decide, in conjunction with the funders, how they will cover articles without sponsorship. For this study, a collection of research libraries is employed, based on BioOne's current subscription count of 1,500 "academic libraries, research institutions, governmental bodies, NGOs and corporations," according to its website (May 1, 2017). We assumed that, in the spirit of the 3,000 SCOAP3 libraries (many of which are likely BioOne subscribers), the libraries that are currently paying for closed-subscription access to the BioOne collection will be willing to "subscribe" to open access for the unsponsored articles from among this larger set of journals.
It should also be noted that the practical feasibility of this funder-and-library-pay model has been greatly increased by the growth of the publishing industry organizations, Crossref and ORCID. Crossref has 3,600 scholarly publisher-members representing 40,000 journals for which it collects bibliometric metadata, while its Open Funder Registry lists some 10,000 research funders [10] . ORCID provides a growing registry of currently 3.5 million researchers, along with information on their universities and their funders. Both of these organizations have automated systems in place that are highly efficient at collecting data and metadata. These services could be extended to provide a means of verifying journals, grants, and grant-holders, as well invoicing the appropriate parties on publication, including the libraries.
Results eLife
Launched in 2012, with an initial pledge of $26 million by HHMI, Wellcome Trust, and the Max Planck Society, eLife was intended to be, as expressed by Mark Walport, director of the Wellcome Trust, "absolute top-tier of a scientific publications, the very best" published "for scientists by scientists" [11] . It is led by editor-in-chief Randy Schekman, a cell biologist and
Nobel Prize laureate at the University of California, Berkeley. In 2016, these three sponsoring organizations announced a second round of funding of $35.4 million, intended to carry it through to 2021 [12] . On January 1, 2017, the journal began levying an APC of $2,500 [13] . Even with the APC, eLife represents a particularly striking example of a cooperative venture among funders, a research institute, and a journal that has influenced the thinking behind the model presented here.
In 2015, eLife published 956 articles, according to PubMed, with 86 percent of them crediting one or more sponsors. The NIH was identified by 39 percent of the articles, HHMI by 10 percent, and Wellcome Trust by 7 percent (Table 2 ). In addition to these three funders, other unspecified US government agencies account for 3 percent of the sponsored articles and non-U.S. government funders for 43 percent of the credits. The publishing expenses were calculated using eLife's reported costs at $5,600 an article in 2015 [14] . The funders' share was calculated by dividing the costs of the 821 articles by the proportion of articles for which the funder is credited ( Table 2) Given that there are at least 1,200 funder and funder category credits listed by the 821 eLife articles with a sponsor, each funder will be invoiced for a maximum of $3,899 of the $5,600 required by an article ( Table 3 ). The actual figure will be less than this $3,899, given that the number of articles identified with "US gov't" (3 percent) and "non-US gov't" (43 percent)
have at least one funder from those categories but may actually have more than one from that category sharing the cost of the article.
As for the 135 articles that did not have a sponsor, representing 14 percent of the 2015 output, their publishing costs are to be covered in this model by the research library community. With its introduction of an APC in 2017, eLife has recognized the need for a sustainability model that is shared by more funders (through research grants used for APCs) than the three original funders who directly supported its operations. The model proposed here offers another means of rationalizing a broader and more precisely calculated form of support from among the funders who sponsor the work that appears in the journal.
PLOS
PLOS is another publisher that, in its origins, brings the funders into the publishing Table 4) . Six of the journals are squarely in the field of biomedical research, while the seventh PLOS One , the original "mega-journal" (with over 28,000 articles in 2015), reaching across the sciences and beyond [17] . In 2015, the NIH was credited by 38 percent of the sponsored articles in PLOS Pathogens and PLOS Genetics , both of which had well over 90 percent of their articles funded, as did PLOS Computational Biology (Table 5 ). Despite its relatively unrestricted research focus, PLOS One had 14 percent of its sponsored articles acknowledge NIH support, with 85 percent identifying a funder of some sort; it also had a high level of participation, relative to the other journals in this study, from non-U.S. government funders (70 percent). Even with the lower APC, these figures suggest that PLOS One attracts studies with funding from the broader range of sciences. The non-U.S. government funders (other than HHMI and Wellcome Trust) will collectively pick up the publishing expenses associated with 78 percent of the articles that PLOS published in 2015 (Table 6 ). PLOS' revenue of $42,274,910, as declared on its 2015 tax form, resulted from publishing 31,656 articles that year. This amounts to an average income of $1,335
per article (Table 7) . While $1,335 is less than PLOS' lowest APC rate of $1,495, 5 percent of articles in 2015 were granted an APC waiver ("support provided to authors"), while other items may have been published without an APC. The funders' contribution for sponsored articles will be no more than $1,189 per article and likely less than that, given some articles having multiple funders in the US gov't and non-US gov't categories. The libraries' share for unsponsored articles in the seven journals is $5,941,261, which works out to $3,961 per library annually among the assumed community of 1,500
institutions and $0.89 an article (Table 7) . 
BioOne
BioOne is the "product of innovative collaboration between scientific societies, libraries, academe and the private sector," according to its website. It was founded in 1999, "by both library and publisher interests to address the inequities posed by commercial journal publishing." Francis and, the other, the University of Chicago Press; these partners' revenue, although unavailable to this study, will need to be factored into the expenses to be met by funder and library in a fully realized version of this model. Among the other societies, we were able to identify the revenue of five journals for which subscriptions were sold outside of BioOne; these journals averaged 363 subscribers, while generating $1,322 an article for their respective society (Table 12 ). The fourteen societies represented here were among the larger members of BioOne. They (Table 13 ). This enabled us to calculate how much funders and libraries will need to pay for articles associated with BioOne (Table 14) .
At the same time, the 14 societies for which we have figures exhibit considerable differences in their per-article revenue. This points to how the proposed model both caters to current differences in publisher revenue (as it has funders and libraries match current revenue figures as its starting point) and exposes the extent of those differences in per-article revenues.
This could provide a basis for funders, libraries, and publishers to discuss differences in expenses and value in light of submission and rejection rates, editorial services, and publishing innovations. Ideally, such such discussions will be about the value of improving scholarly publishing standards for all journals as a warrant for any price increases in subscribing to open access. b Includes BioOne royalties and other sources, discounted by 25 percent from amount reported in Table 11 .
The 23 BioOne journals that were indexed in PubMed had similar levels of article sponsorship as the 167 journals that were not, although both sets had a somewhat lower level of sponsorship than the other journals in this study, with Wellcome Trust and HHMI sponsorship rare enough to warrant their omission in this case (Table 14) . The libraries will pick up 17 percent of the articles overall, with each library paying $7,552 to cover the publishing costs of unsponsored articles in eLife, PLOS and BioOne in 2015.
This is roughly five percent higher than the 2015 BioOne Collection subscription fee, which we estimate at $7,117. That is, subscribing to open access, when the majority of the articles are already open access, slightly increases costs for libraries. As the model is extended to other publishers, the vast majority of which employ a closed-subscription model, the effect of the funders' direct contribution to the publishers will reduce the libraries overall outlay, while increasing open access. As noted, however, funders may well decide to reduce their grants to researchers by the amount that they are paying publishers, which will lower the indirect-costs payments that make their way to the libraries [18] . The intent of this model, however, is not to create windfalls for libraries, nor has this prospect been the motivation, in our experience, behind
library support for open access.
Under the current mixed model of biomedical research publishing represented by eLife, PLOS and BioOne, funders are underwriting publishing costs through a complex array of indirect forms and means involving with funder sponsorship, APCs and closed subscriptions (Fig. 1 ). The alternative model proposed here involves a more direct, accountable, and efficient means for funders and libraries to move journal publishing to universal open access (Fig. 2) .
While the biomedical field has attracted the highest levels of funding support, with 84 percent of articles sponsored by one or more funder, this model is applicable to other fields with proportionate reductions in funder participation and greater library coverage of costs. increases in scholarly publishing [19] .
On this last point, while open access avoids the monopolistic elements of closed subscriptions, funders may still want to introduce spending caps on publisher expenses, much as SCOAP3 uses in its contracts with publishers, as well as provide incentives to authors and publishers for fair and transparent pricing [4, 20] . Introducing a form of centralized pricing will pose its own challenges, however, with much to be learned from the experience of the U.S.
government's Medicare and Medicaid programs [21] [22] [23] . To take one example, this publishing model could pursue fair article costs by following Cramton and Katzman's "key features of a good auction design" for pricing which include "collaboration of government officials, industry representatives, and auction experts," while emphasizing "transparency, good price and assignment discovery, and strategic simplicity" in order to achieve "sustainable long-term competition among suppliers that reduces costs while maintaining high quality" [24] .
Conclusion
Centuries before the 2001 World Social Forum in Porto Alegre adopted "another world is possible" as its motto, Descartes' asked his readers in The World or Treatise on Light to "allow your thought to wander beyond this world to view another world --a wholly new one which I shall bring into being before your mind in imaginary spaces" [29] . The world that Descartes went on to describe was not really "another world" but a new perspective on the present one. Just so, what we have set out here may seem to be an imaginary world, while it is, in fact, building on an existing online publishing systems, journal and funder databases, and current funder involvement in scholarly publishing. It is the world that particle physicists have already created for their journals with library support; that research funders are building with new publishing processes and new relationships with publishers; and that publishers are embracing with their open access options. It is the world that this paper has attempted to demonstrate can be extended across the board of scholarly inquiry by further rationalizing and extending the open circulation of this public good. Open access is, after all, a concept to which funders and libraries already and wholeheartedly subscribe, but then so do the biggest of publishers [30] .
